ABSTRACT Mycobacterium tuberculosis can persist for decades in the human host. Stringent response pathways involving inorganic polyphosphate [poly(P)], which is synthesized and hydrolyzed by polyphosphate kinase (PPK) and exopolyphosphatase (PPX), respectively, are believed to play a key regulatory role in bacterial persistence. We show here that M. tuberculosis poly(P) accumulation is temporally linked to bacillary growth restriction. We also identify M. tuberculosis Rv1026 as a novel exopolyphosphatase with hydrolytic activity against long-chain poly(P). Using a tetracycline-inducible expression system to knock down expression of Rv1026 (ppx2), we found that M. tuberculosis poly(P) accumulation leads to slowed growth and reduced susceptibility to isoniazid, increased resistance to heat and acid pH, and enhanced intracellular survival during macrophage infection. By transmission electron microscopy, the ppx2 knockdown strain exhibited increased cell wall thickness, which was associated with reduced cell wall permeability to hydrophilic drugs rather than induction of drug efflux pumps or altered biofilm formation relative to the empty vector control. Transcriptomic and metabolomic analysis revealed a metabolic downshift of the ppx2 knockdown characterized by reduced transcription and translation and a downshift of glycerol-3-phosphate levels. In summary, poly(P) plays an important role in M. tuberculosis growth restriction and metabolic downshift and contributes to antibiotic tolerance through altered cell wall permeability.
poly(P) (11) . PPX1, which hydrolyzes short-chain poly(P) (10, 16) , is inhibited by pppGpp (16) , suggesting the presence of a positive-feedback regulatory loop in the M. tuberculosis stringent response.
Poly(P) content has been implicated in M. tuberculosis antibiotic tolerance. Thus, poly(P)-accumulating strains deficient in ppx1 (10) or ppk2 (11) showed reduced susceptibility to the bactericidal drug isoniazid, which targets the mycolic acid synthesis pathway (17) . Conversely, an M. tuberculosis ppk1 deletion mutant was found to have enhanced susceptibility to isoniazid and fluoroquinolones (18) . Furthermore, maintenance of intracellular poly(P) balance is critical for M. tuberculosis survival during host infection. The ppk1 (9) , ppk2 (11, 14) , and ppx1 (10) genes are each required for optimal M. tuberculosis growth and survival during macrophage infection. A mutant deficient in ppk2 showed impaired growth during acute infection in the lungs of mice (11) . In addition, a poly(P)-deficient strain lacking ppk1 (18) and a poly(P)-accumulating strain lacking ppx1 (10) were found to have reduced long-term survival in guinea pig lungs. These findings suggest that M. tuberculosis poly(P) levels must be tightly regulated during different stages of animal infection.
Bioinformatic predictions have identified M. tuberculosis Rv1026 as a putative PPX belonging to the single-domain PpxGppA family (19) . However, Rv1026 was to shown to lack PPX activity against short-chain poly(P) (16) . Rv1026, which appears to be an essential gene (20, 21) , was found to be significantly upregulated during chronic TB infection in two different mouse strains (21) . Overexpression of Rv1026 in Mycobacterium smegmatis leads to altered sliding motility and biofilm formation (22) , and the gene is present in the Mycobacterium leprae minimal genome required for slow growth in human tissues (23) . In the current study, we tested the hypothesis that M. tuberculosis Rv1026 encodes a PPX capable of hydrolyzing long-chain poly(P). We studied the intracellular poly(P) content of wild-type M. tuberculosis during exposure to various stress conditions to determine whether poly(P) behaves as a transient molecular signal during bacillary growth restriction. Next, we generated recombinant strains conditionally deficient in Rv1026 to determine whether poly(P) accumulation is sufficient for inducing M. tuberculosis growth restriction and antibiotic tolerance and to test the role of poly(P) accumulation during macrophage infection. Using RNA sequencing and ultrahigh-performance liquid chromatographytandem mass spectrometry (UHPLC/MS/MS), we characterized the regulatory and metabolic pathways controlled by poly(P)-mediated signaling. Finally, we used transmission electron microscopy (TEM) to characterize the bacillary morphology and cell wall thickness in the context of Rv1026 deficiency and poly(p) accumulation.
RESULTS

Rv1026 exhibits exopolyphosphatase activity against longchain poly(P).
Rv1026 has been predicted to have PPX activity, but this has not been confirmed experimentally (16, 19, 22) . We cloned, expressed, and purified six-histidine-tagged Rv1026 (6ϫHis-Rv1026) from Arctic Escherichia coli, and protein lysate from E. coli transformed with the empty vector was used as the baseline control. Recombinant protein was confirmed by Western blotting using anti-His antibody (Fig. 1A ). When incubated with poly(P) substrates of different lengths for 8 h, 6ϫHis-Rv1026 showed the greatest hydrolysis activity against 700-mer poly(P) relative to calf intestinal alkaline phosphatase (CIP) (41%, 11.1%, and 6.7% for 700-mer, 45-mer, and hexametaphosphate, respectively [P Ͻ 0.05]; Fig. 1B ). The hydrolytic activity of long-chain poly(P) was time and concentration dependent ( Fig. 1C) and was accelerated when recombinant protein was incubated with AMP/ ADP and GMP/GDP but did not favor any specific substrate (see Fig. S1 in the supplemental material). The addition of ppGpp (8 M) inhibited the PPX activity of Rv1026 after 6-h incubation (Fig. 1D) . On the basis of these findings, we concluded that recombinant Rv1026, hereafter designated PPX2, has PPX activity against long-chain poly(P), which can be inhibited by ppGpp, as in other bacteria (24) .
Growth restriction is associated with transient elevation of intracellular polyphosphate content. In order to gain insight into the role of poly(P) in M. tuberculosis growth arrest, we used a 4=,6-diamidino-2-phenylindole (DAPI)-based method to evaluate the intracellular poly(P) content during different growthlimiting conditions (10) . During axenic growth in nutrient-rich broth, intrabacillary poly(P) levels increased during late log phase and returned to the baseline level after entry into stationary phase ( Fig. 2A) . Upon nutrient starvation, intrabacillary poly(P) levels peaked at 4 h and remained elevated for 24 h (Fig. 2B) , coinciding with bacillary growth restriction, before decreasing to the baseline level. M. tuberculosis subjected to progressive hypoxia showed a transient elevation of poly(P) 5 to 6 days before bacterial entry into nonreplicating persistence stage 2 ( Fig. 2C) , which is characterized by shutdown of replication and metabolism (25) . Similarly, peak M. tuberculosis poly(P) levels were observed 3 to 4 days after phosphate depletion (Fig. 2D) , when bacillary growth is curbed due to exhaustion of intracellular phosphate stores (26) . Under each condition, transient poly(P) accumulation closely preceded reduced M. tuberculosis growth, suggesting that poly(P) may serve as a molecular signal for M. tuberculosis growth arrest.
Rv1026 deficiency leads to poly(P) accumulation and slowed M. tuberculosis growth. To determine whether poly(P) accumulation is sufficient for M. tuberculosis growth arrest, we used a Tet-on expression system (27) to conditionally knock down the expression of the exopolyphosphatase gene Rv1026/ppx2 in wildtype M. tuberculosis CDC1551 (see Fig. S2A in the supplemental material). The identity of the ppx2 knockdown strains was confirmed by PCR and sequencing (Fig. S2B ). As shown in Fig. S2C , the growth rate of the ppx2 knockdown strain in supplemented Middlebrook 7H9 broth was inversely proportional to the concentration of the inducing agent, anhydrotetracycline (aTC). Since aTC at 250 ng/ml maximally inhibits growth of the ppx2 knockdown strain, while aTC at 1 g/ml also inhibits growth of wild-type M. tuberculosis (28) , the former concentration of inducing agent was used in all subsequent studies. The ppx2 knockdown strain displayed reduced expression of PPX2 by immunoblotting (Fig. 3A) . By densitometric analysis, the ppx2 knockdown strain had 66% PPX2 expression compared to the empty vector control strain after normalization to the expression level of DnaK. The ppx2 knockdown strain showed increased intracellular poly(P) content relative to the empty vector control during logarithmic growth in nutrient-rich broth (P Ͻ 0.05; Fig. 3B ), corroborating the PPX activity of Rv1026. The ppx2 knockdown strain reached a lower bacterial density during stationary phase relative to the empty vector control (Fig. 3C) ; this phenomenon could be attributable to reduced replication or accelerated bacterial death. To address this question, we used a "replication clock" plasmid, pBP10 (29) , to transform the ppx2 knockdown strain, as the rate of plasmid loss is directly proportional to the rate of bacterial replication. The ppx2 knockdown showed reduced plasmid loss relative to the empty vector control strain during logarithmic phase, indicating that poly(P) accumulation is associated with slowed growth (Fig. 3D) . Transmission electron microscopy revealed that the mean length of the ppx2 knockdown bacilli was significantly shorter than that of control bacilli (P Ͻ 0.005; Fig. S3 ), consistent with other studies showing decreased length of nonreplicating organisms (30) . Together, these findings corroborate the hypothesis that poly(P) plays an important role in regulating M. tuberculosis growth.
ppx2 deficiency contributes to antibiotic tolerance. Next, we studied the activity of isoniazid, which targets actively multiplying bacilli (31, 32) , against the poly(P)-accumulating ppx2 knockdown strain. Relative to the empty vector control strain, the isoniazid MIC increased 8-fold against the ppx2 knockdown (Table 1). In contrast, the MIC of rifampin was shifted only 2-fold against this recombinant strain. The ppx2 knockdown strain showed improved survival following exposure to high concentrations of isoniazid (10 g/ml) compared to the empty vector strain (P Ͻ 0.05; Fig. 4A ), confirming the importance of ppx2 in bacterial survival during exposure to cell wall synthesis inhibitors. Furthermore, the absolute numbers of isoniazid-resistant colonies were equivalent in the ppx2 knockdown and empty vector strains (Fig. 4A) , accounting for 49% Ϯ 11% and 2.5% Ϯ 1.2% of the surviving bacilli, respectively. Together, these data are consistent with increased survival of drug-tolerant bacteria during poly(P) accumulation rather than selection of drug-resistant mutants.
ppx2 deficiency leads to increased M. tuberculosis resistance to various in vitro stresses. Poly(P) regulates expression of the stringent response alarmone (p)ppGpp, and accumulation of poly(P) is believed to contribute to bacterial stress resistance (3, 8) . We exposed the ppx2 knockdown strain to various growthlimiting conditions to study its phenotype in relation to the empty vector control strain. The ppx2 knockdown strain showed increased survival following exposure to 40°C for 24 h (Fig. 4B) and to 0.05% sodium dodecyl sulfate (SDS) for 4 h and 6 h (Fig. 4C ) compared to the empty vector control. The recombinant strain also showed improved survival following acid shock compared to the empty vector strain (Fig. 4D) .
ppx2 deficiency leads to increased M. tuberculosis growth in murine macrophages. To determine whether ppx2 deficiency alters M. tuberculosis survival in the host, we infected J774 macrophages with the ppx2 knockdown and empty vector control strains. The ppx2 knockdown strain showed increased intracellu- detection of 6ϫHis-Rv1026 (34.6 kDa) using Penta-His antibody. Lanes M, protein markers; E, elution from empty vector control strain after dialysis; P, elution fraction of 6ϫHis-Rv1026 after dialysis. The positions of molecular mass markers (in kilodaltons) are shown to the left of the blot. (B) Exopolyphosphatase activity of recombinant Rv1026. Recombinant protein (5 g/ml) was incubated with poly(P), specifically sodium hexametaphosphate (P6) (10 g/ml), 45-mer poly(P) (P45) (10 g/ml), and 700-mer poly(P) (P700) ( lar growth during infection of naive macrophages (Fig. 5A ). The supernatant of naive macrophages infected with the ppx2 knockdown strain showed higher levels of granulocyte-macrophage colony-stimulating factor (GM-CSF) (P ϭ 0.02), interleukin 5 (IL-5) (P ϭ 0.003), IL-12(p40) (P ϭ 0.001), and IL-12(p70) (P ϭ 0.002) compared to those infected with the empty vector control (Fig. 5B ). Other cytokines, including the Th1-type cytokines gamma interferon (IFN-␥), tumor necrosis factor alpha (TNF-␣), and IL-2, were noted to be significantly different in the two strains. These data suggest that the increased growth of the ppx2 knockdown was not due to reduced macrophage production of proinflammatory cytokines.
Inorganic polyphosphate regulates the transcription of multiple M. tuberculosis genes. In order to gain insight into the regulatory and metabolic changes occurring in M. tuberculosis during poly(P)-mediated growth restriction we used transcriptome sequencing (RNA-seq) to study the global gene expression of the ppx2 knockdown strain relative to the empty vector control strain during mid-log phase, when the difference in poly(P) content between the two strains is greatest and statistically significant (Fig. 3B) . A total of 972 genes were significantly differentially regulated in the ppx2 knockdown strain, including 482 downregulated genes and 490 upregulated genes (see Table S1 in the supplemental material). The poly(P)-dependent stringent response signaling pathway, including mprAB and sigE (9, 33) , was significantly upregulated in the ppx2 knockdown strain. In addition, the operon comprising espA (Rv3616c), espC (Rv3615c), and espD (Rv3614c) was upregulated in the ppx2 knockdown strain. This operon has been shown to play a role in M. tuberculosis virulence (34) (35) (36) and during bacillary growth when long-chain fatty acids are the carbon source (37) . The cydA-cydB-cydCcydD operon, which has been implicated in M. tuberculosis drug resistance (38) , was also upregulated in the ppx2 knockdown strain. Similarly, the isoniazid-induced iniB gene, mutations of which have been implicated in M. tuberculosis resistance to isoniazid and ethambutol (39, 40) , was among the most significantly upregulated genes in the ppx2 knockdown strain relative to the empty vector strain.
Based on gene ontology analysis, the ppx2 knockdown strain showed differential expression of genes involved in cell wall, growth, and protein synthesis (see Table S2 in the supplemental material). Among growth-related pathways, 46 of 460 genes were upregulated, and 138 of 460 genes were downregulated. Among cell wall-related pathways, 78 of 504 genes were upregulated, and 113 of 504 genes were downregulated. The ppx2 knockdown strain displayed significant downregulation of genes involved in translation and transcription, including rpoA, rpsB, rpsD, rpsG, rpsJ, rpsK, rpsL, rplK, rplM, rplN, rplU, and rplV, consistent with the hypothesis that ppx2 deficiency-induced poly(P) accumulation is associated with a reduction in the rate of protein synthesis.
ppx2 deficiency affects global M. tuberculosis metabolism. Metabolomics analysis using UHPLC/MS/MS revealed lower levels of the glycolytic intermediates glucose 6-phosphate (P ϭ 0.11) and isobaric metabolites (fructose 1,6-diphosphate, glucose 1,6- diphosphate, myo-inositol 1,4-or 1,3-diphosphate) in the ppx2 knockdown strain compared to the empty vector control strain (P ϭ 0.02; Fig. 6 ). Significant decreases were also observed in malonyl-coenzyme A (malonyl-CoA) levels (P ϭ 0.017), a metabolite required for the fatty acid synthesis and pentose phosphate pathway intermediates 6-phosphogluconate (P ϭ 0.002) and ribose-5-phosphate (P ϭ 0.01), which could impact nucleotide biogenesis. The major phospholipid scaffold, glycerol 3-phosphate (G3P), was also lower in the ppx2 knockdown strain (P ϭ 0.04). Statistically insignificantly lower levels of metabolites in the peptidoglycan synthesis pathway, including 1-deoxyxylose-5-phosphate (P ϭ 0.067) and diaminopimelate (P ϭ 0.13), were detected in the ppx2 knockdown strain. The mutant showed reduced levels of precursors in pathways responsible for glucose metabolism, fatty acid synthesis, and nucleotide biogenesis (see Table S3 in the supplemental material).
Previous work has highlighted the importance of alterations in lipid metabolism during M. tuberculosis dormancy (37) . To gain further insight into the global metabolic changes associated with M. tuberculosis poly(P) accumulation, we calculated z scores for metabolites and gene expression values and mapped these to the Palsson's network based on reactions (41). Significant correlations in enzyme-encoding gene expression and corresponding metabolites were observed in pathways related to fatty acid metabolism, membrane metabolism, pentose phosphate pathway, pyrimidine metabolism, and sugar metabolism (see Table S4 in the supplemental material), indicating that transcriptional changes were associated with changes at the metabolite level. For example, upregulation of the Rv1347c (mbtK) and Rv2524c (fas) genes could directly contribute to lower levels of malonyl-CoA. Conversely, expression of the fabH, inhA, and pks15 genes and the Rv2931-Rv2932-Rv2933 (ppsA-ppsB-ppsC) operon was negatively correlated with malonyl-CoA levels, suggesting the former may play a negative-feedback role in this pathway. According to our transcriptomic and metabolomics analyses, ppx2 deficiency was associated with altered global metabolism. M. tuberculosis persistence and antibiotic tolerance have been associated with altered reduction potential (42) . In order to characterize the redox potential of the ppx2 knockdown strain, we used the alamarBlue assay (Invitrogen), which measures the reduction potential of viable metabolically active cells to chemically reduce resazurin to the fluorescent molecule resorufin, and can be used as a surrogate of cellular metabolic activity (43, 44) . At mid-log phase, the normalized fluorescence signal (based on CFU) in the ppx2 knockdown strain was 68.4% Ϯ 5.1% that of the empty vector strain, consistent with reduced redox potential in the mutant strain.
ppx2 deficiency is associated with altered cell wall permeability and increased cell wall thickness but reduced biofilm formation. Our global transcriptional analysis of the poly(P)-accumulating ppx2 knockdown strain revealed induction of several efflux genes, including iniA, iniB, mmpL10, and Rv2459 (45) (46) (47) , which could contribute to the isoniazid tolerance phenotype of this strain. To further understand the potential role of altered antibiotic influx and efflux during ppx2 deficiency, we evaluated the accumulation rate of the surrogate compound, ethidium bromide (EtBr) (48) , in the ppx2 knockdown and control strains by fluorescence. EtBr showed significantly reduced accumulation in the recombinant strain compared to the empty vector control strain (Fig. 7A) . However, we found no difference in the fluorescence decay ratio following preincubation of each strain with EtBr, and treatment with the efflux pump inhibitors verapamil, chlorpromazine, reserpine, and carbonyl cyanide m-chlorophenyl hydrazone led to a similar increase in EtBr accumulation in each strain (data not shown). Interestingly, the ppx2 knockdown strain showed higher uptake of the Nile red dye relative to the empty vector strain (Fig. 7B) , consistent with cell wall modifications in the former strain permitting greater diffusion of lipophilic molecules rather than polar molecules such as isoniazid. Transmission electron microscopy revealed no significant difference in the gross morphology of these two strains. However, the mean cell wall thickness of the ppx2 knockdown strain (20.1 nm Ϯ 2.49 nm) was significantly greater than that of the empty vector strain (17.75 Ϯ 2.8 nm; P Ͻ 0.001). On the other hand, the thickness of the cell capsule (49) of each strain was similar (17.25 Ϯ 2.67 nm in the mutant versus 18.11 Ϯ 2.76 nm in the control; Fig. 8 ). These data are the first to link induction of the bacterial knockdown and empty vector control strains were incubated with isoniazid (10 g/ml) for 7 days. The bacteria were plated on Middlebrook 7H10 agar with or without isoniazid (INH) (1 g/ml) to determine the number of drug-sensitive and drug-resistant CFU. Data are the means of three independent samples, and the numbers are the numbers of CFU of isoniazid-resistant (gray bar) or isoniazid-sensitive bacteria (white bar) (*, P Ͻ 0.05; n ϭ 3). (B to D) Logarithmically growing cultures of empty vector control and ppx2 knockdown strains were incubated under various stress conditions. The stress conditions were as follows: 40°C for 24 h (B), 0.05% SDS for 4 and 6 h (C), and acidified Middlebrook 7H9 broth (pH 4.5) (D). In panels B and C, the survival ratio is the number of surviving bacteria after challenge divided by the number of bacteria prior to incubation. Values are means Ϯ SD. Values that are significantly different (P Ͻ 0.05) compared to the value for the empty vector control strain are indicated by an asterisk. stringent response pathway with changes in cell wall thickness, potentially contributing to antibiotic tolerance.
Finally, we investigated the possibility that ppx2 deficiency and poly(P) accumulation alter formation of biofilms, which have been implicated in mycobacterial antibiotic tolerance (50) . The ppx2 knockdown and empty vector control strains were grown for 5 weeks in Sauton's medium without detergent. We found that the pellicle thickness of the ppx2 knockdown strain was reduced relative to that of the empty vector control strain. Consistent with these data, the ppx2 knockdown strain showed 40% reduced signal by crystal violet staining compared to the empty vector strain (Fig. 7C) (51) . On the basis of these findings, we conclude that ppx2 deficiency-induced poly(P) accumulation was not associated with induction of drug efflux pumps or enhanced biofilm formation but was associated with increased cell wall thickness and reduced cell wall permeability to polar compounds, which may contribute to isoniazid tolerance.
DISCUSSION
The stringent response contributes to bacterial adaptation during growth-limiting conditions through the induction of specific transcriptional programs (3, 4) . Poly(P) serves as a phosphate donor to activate downstream regulatory genes, including mprAB in M. tuberculosis (9, 33) . Our data are consistent with the hypothesis that poly(P) serves as a transient signal to trigger the bacterial stringent response, which is required for growth arrest under nutrient-limited conditions (6) . In this study, we identify a novel exopolyphosphatase (Rv1026, PPX2), and a deficiency of this enzyme leads to poly(P) accumulation, premature growth restriction, and antibiotic tolerance, likely as a result of changes in the cell wall leading to reduced permeability of polar compounds, such as isoniazid. In addition, we show for the first time that poly(P) deficiency in the context of ppx2 deficiency leads to global changes in bacterial transcriptional responses and metabolism, including a downshift in transcription and translation and a shift from utilization of carbohydrate sources of energy, as well as the induction of several important virulence factors.
Despite bioinformatic predictions (19) , prior work has challenged the hypothesis that Rv1026 encodes an exopolyphosphatase in M. tuberculosis (16) . Consistent with these studies, we found that recombinant Rv1026 had very weak PPX activity against short-chain poly(P) (45-mer). However, 6ϫHis-Rv1026 was able to hydrolyze long-chain poly(P) (700-mer) in a concentration-and time-dependent manner. In addition to longchain poly(P) as a substrate, our studies included the use of ADP, AMP, GDP, and GMP to promote hydrolysis activity, which may account for the discrepant findings between our results and those of Choi et al. (16) . As in other bacteria (24) , the PPX activity of recombinant Rv1026 was inhibited by the stringent response alarmone ppGpp. Further corroborating the function of Rv1026 as a PPX, we found that the ppx2 knockdown strain had higher intracellular poly(P) content than that of the empty vector control strain. M. tuberculosis PPX1 (Rv0496) has been shown to hydrolyze short-chain poly(P) (10, 16) . Therefore, M. tuberculosis may employ these two enzymes to tightly regulate the number and length of intracellular poly(P) molecules, thereby quenching the transient regulatory signal during growth arrest.
Corroborating the hypothesis that poly(P) accumulation triggers M. tuberculosis growth restriction, the ppx2-deficient strain showed premature entry into stationary phase in nutrient-rich broth and reduced susceptibility to the cell wall-active agent isoniazid, which targets actively multiplying bacilli, while retaining susceptibility to the sterilizing drug rifampin which better targets nonreplicating "persisters" (52) . The enhanced survival of the ppx2 knockdown strain following exposure to high-dose isoniazid was not due to the selection of isoniazid-resistant mutants, but to the presence of drug-tolerant persisters. Our findings are consistent with previous reports showing increased susceptibility of poly(P)-deficient M. tuberculosis to antibiotics (18) and reduced isoniazid susceptibility among M. tuberculosis poly(P)-accumulating strains (10, 11) . We also found that poly(P) accumulation contributes to M. tuberculosis adaptation and survival during various stress challenges, including acid, heat, and detergent stresses. Although the ppx2 knockdown strain induced greater release of IL-5, IL-12, and GM-CSF, these cytokines were ineffective in controlling M. tuberculosis replication, as these strains showed enhanced intracellular survival within naive macrophages relative to the empty vector. Taken together, these findings suggest that poly(P) accumulation contributes to M. tuberculosis growth restriction, antibiotic tolerance, and survival during growth-limiting conditions. Based on our transcriptomics analysis, a similar number of genes were found to be downregulated as were upregulated in the ppx2 knockdown strain, indicating that poly(P) accumulation does not simply lead to global transcriptional shutdown. According to previous studies, poly(P) appears to play a role in the stringent response signaling pathway, mprAB-sigE-relA (9, 33) . mprAB and sigE were both upregulated in the ppx2 knockdown strain. Based on gene ontology analysis, ppx2 deficiency affected regulatory pathways related to growth, cell wall metabolism, transcription, and translation. Among the pathways related to transcription and translation, the majority of genes were downregulated, which is consistent with the putative role of poly(P) as a stringent response regulatory molecule. Prior work has highlighted the importance of tricarboxylic acid cycle remodeling, including increased synthesis of succinate and decreased levels of ␣-ketoglutarate, in the metabolic adaptation of M. tuberculosis to hypoxia (53) . In addition, accumulation of pyruvate and succinate and depletion of ␣-ketoglutarate were noted following M. tuberculosis exposure to antibiotics (54) . Our metabolomics analysis revealed significantly reduced levels of glycerol 3-phosphate (G3P) and glycerol 2-phosphate (G2P) during poly(P) accumulation. G3P serves as an important scaffold for phospholipid biosynthesis (55) , and reduced G3P levels are believed to be important in persister formation (56, 57) . Significantly reduced intracellular G3P and G2P content has been reported in M. tuberculosis when cholesterol is the sole carbon source (58) . The ppx2 knockdown strain also showed significant downregulation of the G3P dehydrogenase gene, glpD2, which has been shown to be downregulated in M. tuberculosis persisters (59) . In addition, glucose phosphorylation was significantly altered in the ppx2 knockdown strain, and this process has been shown to have an important role during M. tuberculosis chronic infection in mice (60) . Although several metabolites in lipid biosynthetic pathways were reduced during ppx2 deficiency, transcriptomic analysis revealed significantly increased expression of the triacyl- 
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March/April 2015 Volume 6 Issue 2 e02428-14 ® glycerol (TAG) synthesis gene, tgs1 (3-fold increase; adjusted P value of Ͻ0.0001). TAG plays an important role in M. tuberculosis persistence and antibiotic tolerance during hypoxia (61, 62) . Metabolomics analysis of the ppx2 knockdown strain also showed significant decreases in glucose metabolism, fatty acid synthesis, and nucleotide biogenesis. Finally, poly(P)-induced genes include the operon comprising espA (Rv3616c), espC (MT3615c), and espD (Rv3614c), which appears to play an important role in M. tuberculosis virulence (35, 36) and may serve to promote bacillary survival within acidic environments in vitro and ex vivo (63, 64) . Taken together, these data suggest that poly(P) accumulation induces changes in carbon utilization and contributes to altered lipid metabolism, which may contribute to altered cell wall properties, antibiotic tolerance, and enhanced survival during physiologically relevant stress conditions. Previous work has linked biofilm formation with the phenomena of antibiotic tolerance and persistence in M. tuberculosis (51) . Poly(P) accumulation has been associated with biofilm formation in Mycobacterium smegmatis (22) , Burkholderia pseudomallei (65) , Porphyromonas gingivalis (66) , and Pseudomonas aeruginosa (67) . However, we found that M. tuberculosis poly(P) accumulation was associated with reduced biofilm formation, which could not account for the observed tolerance to isoniazid in the ppx2-deficient strain. Our data are consistent with previous studies demonstrating that proper hydrolysis of poly(P) is required for formation of biofilms in E. coli (68) and Bacillus cereus (69) .
In this study, we show for the first time that mycobacterial poly(P) accumulation leads to changes in cell wall permeability, manifested by decreased uptake of the polar compound EtBr and increased uptake of the lipophilic dye Nile red. Nonreplicating M. tuberculosis displays reduced uptake of antibiotics, and the phenotype of antibiotic tolerance is not reversed by inhibition of drug efflux pumps (70) . Previous studies have shown that mycobacterial uptake of Nile red is directly related to cell wall lipid components and susceptibility to lipophilic drugs (71) . The mycobacterial stringent response has been implicated previously in cell wall remodeling (72, 73) , and nonreplicating bacilli exposed to hypoxia exhibit thicker cell walls (74) . Cell wall remodeling and thickening have been associated with M. tuberculosis survival in the host (75) , and we show here for the first time that intracellular poly(P) accumulation may contribute to this phenomenon.
In summary, we have identified Rv1026 as a novel M. tuberculosis exopolyphosphatase (PPX2), which is responsible for hydrolyzing long-chain poly(P). Transient accumulation of intracellular poly(P) serves as a trigger for M. tuberculosis growth restriction, metabolic downshift, and antibiotic tolerance, which are key features of persisters (76) . Poly(P) accumulation resulting from Rv1026 deficiency is associated with changes in cell wall permeability and increased cell wall thickness, which may contribute to the observed phenotypic tolerance to isoniazid. Although poly(P) is present in all cells, the highly conserved bacterial enzymes responsible for poly(P) synthesis and hydrolysis in M. tuberculosis have not been identified in mammalian cells, thus making them potentially attractive targets for drug development.
MATERIALS AND METHODS
Bacteria and growth conditions. Wild-type M. tuberculosis CDC1551 was grown in Middlebrook 7H9 broth (Difco, Sparks, MD) supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC) (Difco), 0.1% glycerol, and 0.05% Tween 80 at 37°C on a roller. Nutrient starvation and phosphate depletion conditions were established as previously described (26, 77) . A progressive hypoxia model (Wayne model) was used to study bacterial adaptation during hypoxia, and the change in color of the methylene blue dye was used as an indicator of nonreplicating persistence stage 2 (NRP-2) (10, 25) .
Expression of His-tagged Rv1026 protein. The full-length sequence of Rv1026 was amplified from M. tuberculosis CDC1551 and cloned into plasmid pET15b with an N-terminal six-His tag (6ϫ-His tag; Novagen) using the restriction enzymes XhoI and BamHI. The resulting plasmid was used to transform E. coli Arctic Express (DE3) RP competent cells (Stratagene). Original plasmid pET15b was transformed as a negativecontrol strain. The transformed bacteria were selected by ampicillin (100 g/ml), and cloning was confirmed by DNA sequencing. Confirmed clones were grown in LB broth with gentamicin (20 g/ml) and ampicillin (100 g/ml), and the culture was induced with 0.1 mM isopropyl-␤-Dthiogalactopyranoside (IPTG) in 12°C for 24 h to overexpress recombinant Rv1026. The negative-control strain was induced by using the same protocol. Protein was harvested from cell pellets and stored at Ϫ20°C.
Purification of His-tagged Rv1026 protein. Protein was purified using a nickel-nitrilotriacetic acid (Ni-NTA) slurry under native conditions using standard protocols (Qiagen). The dialyzed active protein fractions were quantified using Qubit protein assay (Invitrogen) and analyzed by SDS-PAGE. Protein specificity was confirmed by Western blotting using Penta-His antibody (Qiagen). The recombinant protein was frozen and stored at Ϫ80°C until use.
Assay of polyphosphatase activity of recombinant Rv1026. Dialyzed recombinant Rv1026 in phosphate-buffered saline (PBS) solution was used to determine PPX activity (10) . Briefly, the elution fraction of sixhistidine-tagged Rv1026 (6ϫHis-Rv1026) was prepared as previously described, and protein from the original plasmid (pET15b) served as a negative control. 6ϫHis-Rv1026 (5 g/ml) or eluted protein harvested from negative control was incubated with 10 g/ml sodium hexametaphosphate (P6; Sigma), 10 g/ml 45-mer polyphosphate [poly(P)] (P45; Sigma), or 50 M (phosphate monomer) 700-mer poly(P) (P700; Kera-FAST, Inc., Boston, MA) in 50 mM Tris-HCl reaction buffer (pH 8.0), which contained 10 mM MgCl 2 ,1.5 mM KCl, and 50 g/ml of ADP, AMP, GDP, and GMP (Sigma) for 8 h. Calf intestinal alkaline phosphatase (CIP) (New England BioLabs [NEB]) (40 U/ml) was used as a positive control, and buffer alone was used to determine total poly(P) content. Poly(P) levels were measured in three or four samples at each time point using a 4=,6-diamidino-2-phenylindole (DAPI)-based method (10, 11, 78) . Each experiment had triplicate independent reactions and was repeated at least once. The data represent the averages of these triplicate reactions. To determine the effect of ppGpp on the hydrolytic activity of Rv1026, 8 M ppGpp (TriLink BioTechnologies, San Diego, CA) was incubated with 6ϫHis-Rv1026 (5 g/ml) and 50 M (phosphate monomer) P700, and total poly(P) content was measured after 6-h incubation.
Determination of intrabacillary inorganic polyphosphate. A DAPIbased method was used to determine intracellular polyphosphate content (11, 78, 79) . Briefly, the bacteria were lysed by bead beating in 50 mM Tris-HCl (pH 7.0) buffer supplemented with 5 M guanidinium thiocyanate (GITC) (Sigma), and the total protein levels of the lysates were determined by colorimetric protein assay (Bio-Rad). Poly(P) was harvested by glass milk from Geneclean III kit (MP Biomedicals LLC) and then treated with DNase (Ambion) and RNase (NEB) before elution with 95°C distilled water (pH 8.0). The poly(P) concentration was determined by fluorescence of the DAPI-poly(P) complex following excitation at 415 nm and emission at 525 nm on a FLUOstar OPTIMA microplate reader (BMG Labtech). Increasing concentrations of poly(P) (type 65; SigmaAldrich) were used to generate a standard curve to measure the poly(P) contents. All data were from three biological replicate experiments.
Conditional Rv1026 knockdown strains. A conditional expression plasmid, pUV15tetORm, was obtained from Addgene (Addgene plasmid 17975) (27) . For generation of the Rv1026 (ppx2) knockdown strain, the sequence containing the Rv1026 gene, including 123 bp upstream and 963 bp downstream of the transcription start and stop sites, respectively, was digested using AclI and PacI and cloned in reverse orientation into this plasmid. The segment containing attB and Int from pMH94 was cloned into puv15tetORm using the MfeI and AclI sites to generate a single-copy plasmid conferring hygromycin resistance (pUVatt Rv1026 knockdown; see Fig. S2A in the supplemental material) (80, 81) . For generation of the empty vector, the segment containing Rv1026 in the reverse orientation was replaced by the segment containing attB and Int from pMH94 using the MfeI and PacI sites (pUVatt empty vector). Primers are listed in Table S5 in the supplemental material. The integrating plasmids pUVatt Rv1026 knockdown, pUVatt ppk1 knock-in, and pUVatt empty vector, were introduced into the wild-type M. tuberculosis CDC1551 strain by electroporation, and transformants were selected on hygromycin-containing Middlebrook 7H10 plates. Plasmid insertion was confirmed by PCR. For all experiments, the empty vector and Rv1026 knockdown and empty vector strains were diluted to an optical density (OD 600 ) of 0.001 and allowed to grow to mid-log phase in the presence of the inducer anhydrotetracycline (aTC) at 250 ng/ml.
Mouse immunization and generation of polyclonal antisera. Female BALB/c mice (4 to 5 weeks old) were purchased from Charles River Laboratories. Recombinant Rv1026 protein was harvested as described above and purified from an SDS-polyacrylamide gel. At day 0, five mice were immunized by subcutaneous injection with a mixed emulsion of 6ϫHis-Rv1026 and complete Freund's adjuvant (Sigma). At weeks 2 and 4, mice received booster immunizations with an emulsion of incomplete Freund's adjuvant (Sigma) and 6ϫHis-Rv1026. At weeks 6 and 8, polyclonal sera were collected from the tail veins, and immunoblotting was performed to confirm the activity of antisera. Antisera for Rv1026 were used at a 1:100 titer as the primary antibody. DnaK expression was used as a loading control in Western blots using an anti-DnaK antibody (BEI Resources). The densitometric results of Rv1026 and DnaK in the same experiment were analyzed with ImageJ. All experiments were repeated at least once, and similar results were obtained.
Determination of the strain replication rate by "replication clock" plasmid. The Rv1026 knockdown and empty vector strains were transformed with plasmid pBP10 (kind gift of David Sherman) (29) , and transformants were selected on Middlebrook 7H10 plates containing kanamycin (50 g/ml). Individual colonies were grown to mid-log phase in kanamycin-containing Middlebrook 7H9 broth, and the bacteria were pelleted and resuspended in enriched Middlebrook 7H9 broth without kanamycin at day 0. At days 0, 3, 7 and 14, bacteria were plated on Middlebrook 7H10 plates with or without kanamycin to determine the proportion of kanamycin-resistant CFU among total bacterial CFU. The ratio of kanamycin-resistant bacteria to total bacteria is considered to be inversely related to the bacterial division rate (29) .
Transmission electron microscopy. Live mid-log-growth-phase bacteria in Middlebrook 7H9 broth were fixed with equal volumes of 2ϫ fixative and gently rocked for 10 min. Samples were then centrifuged at 8,000 rpm, supernatant was removed, and 1ϫ fixative was added to the pellet, which was rocked overnight in the cold room. The final fixative concentrations were 2.5% glutaraldehyde, 20 mM sodium cacodylate, and 1 mM MgCl 2 , pH 7.2. After the samples were rinsed three times with 20 mM sodium cacodylate and 1 mM MgCl 2 buffer for 15 min each time, samples were postfixed in 1% osmium tetroxide in 20 mM sodium cacodylate containing 1 mM MgCl 2 for 1.5 h on ice. After a brief water rinse, samples were dehydrated through a graded series of ethanol to 100%, then transferred to propylene oxide, and gradually infiltrated with a 1:1 resin mixture of Spurr's resin and Eponate 12 (Polysciences) with the following propylene oxide parts (30%, 50%, and 75% [rocked overnight]). After 3 changes in pure resin (Spurr's resinϪEponate 12, 1:1), pellets were cured in a 60°C oven for 2 days. Sections were cut on a Reichert Ultracut E ultramicrotome with a Diatome diamond knife. Eighty-nanometer-thick sections were picked up on Formvar-coated 1-by 2-mm copper slot grids and stained first with 1% tannic acid (filtered aqueous), followed by 2% uranyl acetate (filtered aqueous), and then lead citrate. Grids were viewed on a Phillips CM 120 transmission electron microscope (TEM) operating at 80 kV, and digital images were captured with an AMT 8,000 by 8,000 charge-coupled-device (CCD) camera. For cell size measurement, a fixed phosphotungstate negative stain was used (26) . Cell size and wall thickness were measured by ImageJ.
MIC determination. The MIC of anti-TB drugs was determined as previously described (11) . For antibiotic tolerance studies, mid-log-phase cultures were incubated with isoniazid (10 g/ml). At days 0, 7, and 14, surviving bacteria were plated on Middlebrook 7H10 agar with and without isoniazid (1 g/ml) to determine the number of surviving bacteria and proportion of drug-resistant mutants.
Heat shock, SDS, and acid challenge. Heat shock and SDS challenge were performed as previously described (82) , except that samples were incubated in a water bath at 40°C for 24 h. For acid challenge studies, the M. tuberculosis strains were grown in acidified Middlebrook 7H9 broth (83) , and serial dilutions were plated onto Middlebrook 7H10 agar at days 1, 3, and 7 after incubation.
Macrophage infections and cytokine assays. The mouse macrophage-like cell line J774.1 was used for these studies, as previously described. Naive macrophages were divided 1 day before infection without any treatment. At day 0, 10 4 macrophages were infected with an equal number of logarithmically growing bacilli of empty vector control and ppx2 knockdown strains in RPMI 1640 medium containing 250 ng/ml aTC. Intracellular M. tuberculosis was recovered and plated on days 0, 1, 3, 5, and 7. At days 1 and 3, the supernatant of each culture was collected and frozen at Ϫ80°C until analysis. Macrophage-secreted cytokines were analyzed by immunobead cytokine assays (mouse cytokine 23-plex assay; Bio-Rad) (11) .
RNA-Seq. Following exposure of logarithmically growing cultures (OD ϭ 0.5) to the inducer aTC for at least 1 week, RNA was harvested using Trizol-based methods (10) . RNA samples were treated with DNase, and the quality of the RNA samples was assessed by using an Agilent bioanalyzer (Agilent Technologies). The samples were sent to the Next Generation Sequencing Center at the Sidney Kimmel Comprehensive Cancer Center of the Johns Hopkins University School of Medicine for library construction and sequencing using Illumina Hi Seq 2000 (Illumina). The sequence quality of the data sets was checked by fastQC software. The transcriptome sequencing (RNA-seq) data were aligned with the M. tuberculosis CDC1551 genome obtained from Ensembl (bacteria, http://bacteria.ensembl.org) using bowtie2. HTSeq-count script written in python was used to obtain the read counts of each CDC1551 gene from the significance analysis of microarray (SAM) alignment file. The GTF annotation file from the bacterial Ensembl website was used during read counting for gene annotation. Since the library was strand specific, highthroughput sequencing (HTSeq) was employed with appropriate configurations (default). Normalization and analysis of differential expression were performed using DEseq2 package of bioconductor. DESeq2 generates statistics for each of the genes, including the Wald test P value and Benjamini Hotchberg (BH) corrected P values. Standard cutoffs of corrected P values (Յ0.05) were used to denote differentially expressed genes under specific conditions. Finally, the Bioconductor package UniProt.ws was used for a detailed annotation of the genes, including mapping between MT and Rv identifiers.
Gene ontology analysis. The gene identifier to gene ontology (GO) identifier was obtained using UniProt.ws software. Gene ontology analysis was conducted using the goseq package, which is useful, because it considers the effect of variations of gene length, which is a relevant normalization criterion for RNA-Seq data. The Bioconductor package GO.db was used to obtain a detailed annotation of the GO identifiers. A BHadjusted P value cutoff of 0.05 was used to identify differentially regulated GO terms.
Metabolomics analysis. Sample preparation and analysis were performed as previously described (84) with minor modifications. After at least 1 week of incubation with aTC, logarithmically growing cultures (OD ϭ 0.5) of the ppx2 knockdown and empty vector control strains were pelleted, and the samples were extracted in 1 ml of extraction buffer (chloroform-methanol, 2:1) and then concentrated by centrifugal evaporation. Samples were processed and analyzed by Metabolon, Inc. (Durham, NC). The nontargeted metabolic profiling instrumentation employed for this analysis combined three independent platforms: ultrahigh performance liquid chromatography-tandem mass spectrometry (UH-PLC/MS/MS) optimized for basic species, UHPLC/MS/MS optimized for acidic species, and gas chromatography-mass spectrometry (GC-MS) (85, 86) . Metabolites were identified by automated comparison of the ion features in the experimental samples to a reference library of chemical standards (87) . For statistical analyses and data display purposes, any missing values were assumed to be below the limits of detection, and these values were inputted with the compound minimum. Statistical analysis of log-transformed data was performed using R (http://cran.r-project.org). Welch's t tests were performed to compare data between experimental groups. Multiple comparisons were accounted for by estimating the false discovery rate (FDR) using q values (88) . For correlation of metabolites and transcriptome data, we identified the metabolites based on Palsson's network (41) , and 70 metabolites have been mapped. The z scores of metabolite and enzymatic genes were calculated by the fold change ratio and P values. After the transcriptome was mapped to the metabolic network, the data were classified into major metabolic pathways.
Resazurin assay for intracellular NAD/NADH ratio. Serial dilutions of mid-log-growth-phase M. tuberculosis cultures were incubated with resazurin (Invitrogen) for 16 to 18 h, and the fluorescence intensity was read by an BMG Optima microplate reader at 544-nm excitation and 590-nm emission wavelengths. The signal was corrected with the signal from negative controls (medium alone), and results yielding a linear relationship were used as representative data. The fluorescence intensity was further normalized to total CFU count.
Ethidium bromide accumulation/efflux assay and Nile red uptake assays. The ethidium bromide accumulation and efflux assays were measured by florescence intensity (48, 89) with minor modifications. Briefly, mid-log-phase cultures were washed with PBS containing 0.05% Tween 80 (PBST) and then stained with 2 g/ml ethidium bromide (Sigma). Ethidium bromide (1 g/ml) was used for accumulation assays with efflux inhibitors, including chloropromazine (10 g/ml; Sigma), verapamil (100 g/ml; Sigma), reserpine (6 g/ml; Sigma), or carbonyl cyanide m-chlorophenyl hydrazone (1 g/ml; Sigma). For the ethidium bromide efflux assay, bacteria were washed with PBST and then incubated with 2 g/ml ethidium and 100 g/ml verapamil for 60 min. After the bacteria were washed twice with PBST, efflux activity was measured as the decay ratio of fluorescence intensity. For Nile red uptake staining, mid-logphase cultures were washed with PBS and then stained with 20 M Nile red (Sigma) (90) . In all assays, the cells were incubated in 96-well plates, and analysis was performed at the indicated time points by excitation at 544 nm and emission at 590 nm on a FLUOstar OPTIMA microplate reader (BMG Labtech). All data were normalized to the time zero reading of each well. All experiments were repeated at least three times and similar results were obtained. Representative results are shown in Fig. 7A and B.
Biofilm formation assay and crystal violet staining. Crystal violet staining was performed (51) with minor modifications. Briefly, mid-logphase cultures (5 ml; density of 10 6 /ml) were grown in 50-ml standing conical tubes containing Sauton's medium (Himedia, India) without detergent for 5 weeks. The extracellular matrix of biofilm was measured by using crystal violet stain and a FLUOstar OPTIMA microplate reader (BMG Labtech).
Statistical analysis. Data from at least three biological replicates were used to calculate means and standard deviation (SD) for graphing purposes. Statistical analysis employed the unpaired Student t test, and a P value of Ͻ0.05 was considered significant.
Microarray data accession number. The RNA-seq data were deposited in the GEO database under accession no. GSE57868.
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